Bromodomain-containing factor Brd4 has emerged as an important transcriptional regulator of NF-κB-dependent inflammatory gene expression. However, the in vivo physiological function of Brd4 in the inflammatory response remains poorly defined. We now demonstrate that mice deficient for Brd4 in myeloid-lineage cells are resistant to LPS-induced sepsis but are more susceptible to bacterial infection. Gene-expression microarray analysis of bone marrow-derived macrophages (BMDMs) reveals that deletion of Brd4 decreases the expression of a significant amount of LPS-induced inflammatory genes while reversing the expression of a small subset of LPS-suppressed genes, including MAP kinase-interacting serine/ threonine-protein kinase 2 (Mknk2). Brd4-deficient BMDMs display enhanced Mnk2 expression and the corresponding eukaryotic translation initiation factor 4E (eIF4E) activation after LPS stimulation, leading to an increased translation of IκBα mRNA in polysomes. The enhanced newly synthesized IκBα reduced the binding of NF-κB to the promoters of inflammatory genes, resulting in reduced inflammatory gene expression and cytokine production. By modulating the translation of IκBα via the Mnk2-eIF4E pathway, Brd4 provides an additional layer of control for NF-κB-dependent inflammatory gene expression and inflammatory response.
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NF-κB | Brd4 | eIF4E | IκBα resynthesis | Mnk2 T he inducible transcription factor NF-κB plays a key role in regulating the inflammatory and immune responses in mammals (1, 2) . The prototypical NF-κB complex, the heterodimer of p50 and RelA, is sequestered in the cytoplasm by its assembly with its inhibitor IκBα (1, 2) . Upon stimulation, IκB kinase complex is activated and phosphorylates IκBα, leading to the degradation of IκBα, the nuclear translocation of NF-κB complex, and the activation of NF-κB target genes (1) (2) (3) . Importantly, one of NF-κB target genes is its inhibitor, IκBα. The resynthesized IκBα enters the nucleus, where it removes the NF-κB from the DNA and terminates activated NF-κB (1, 2, 4) . The resynthesis of IκBα therefore creates a negative feedback regulation of NF-κB signaling, preventing sustained NF-κB activation and prolonged inflammatory response.
In addition to the negative feedback regulation from resynthesized IκBα, the NF-κB-mediated inflammatory response is subjected to many layers of regulation, including transcriptional, translational, and posttranslational regulation (5) (6) (7) (8) . Recent studies demonstrate that selective translational control of gene expression plays an important regulatory role in the inflammatory response (7, 9) . The eukaryotic translation initiation factor eIF4E has been shown to be the node of the translational control of immune response via the mTOR signaling pathway or the MAPK-Mnk1-Mnk2-eIF4E pathway (9) . Upon LPS stimulation, eIF4E can be activated via its phosphorylation at S209 by Mnk1/2 (10) . The phosphorylated eIF4E then activates the translation of mRNA of inflammatory genes, including IRF8 (11, 12) . Interestingly, the translation of IκBα is also regulated by the phosphorylation and activation of eIF4E at S209 (13) . Mutation of S209 of eIF4E to alanine suppresses the translation of IκBα mRNA and enhances the transcription activity of NF-κB, which promotes the production of inflammatory cytokines (13) . These studies highlight the importance of Mnk1/2-eIF4E-mediated translation control in the innate immune response. However, the detailed mechanism by which the Mnk1/2-eIF4E pathway is regulated in response to LPS stimulation remains unclear.
Brd4 has recently emerged as a key transcription regulator of NF-κB-dependent inflammatory gene expression by activating CDK9 of P-TEFb (positive transcription elongation factor b) to facilitate the RNAPII-dependent transcription elongation (14) (15) (16) (17) . Inhibition of Brd4 by small molecules suppresses NF-κB-dependent inflammatory gene expression and LPS-induced sepsis (16, (18) (19) (20) . Brd4 also has been shown to regulate inflammatory gene expression by facilitating the transcription of enhancer RNA and super-enhancer formation (14, 16, 18) . All these studies demonstrate the important role of Brd4 in inflammatory gene expression. However, the in vivo physiological function of Brd4 in inflammatory and immune response remains elusive because of the lack of Brd4-KO mice (21) . Using tissue-specific Brd4 conditional-knockout (CKO) mice, we demonstrate here that Brd4 is critically involved in the NF-κB-mediated innate immune response. In response to LPS, deletion of Brd4 in myeloid-lineage cells leads to the sustained expression of Mknk2 and the enhanced activation of eIF4E, which stimulates the translation of IκBα, leading to the reduced inflammatory gene expression and inflammatory response.
Significance
We generated myeloid lineage-specific Brd4 conditional-knockout mice and demonstrated the critical role of Brd4 in the innate immune response in vivo. Brd4 CKO mice were resistant to LPSinduced sepsis but were more susceptible to bacterial infection. Deletion of Brd4 in macrophages decreased the TLR-mediated inflammatory cytokine expression. We also uncovered a mechanism by which Brd4 regulates the NF-κB signaling via initiation of translation. In response to LPS stimulation, deletion of Brd4 in macrophages led to the sustained expression of Mknk2 and the enhanced activation of eIF4E, which stimulates the translation of IκBα mRNA, resulting in decreased NF-κB-dependent inflammatory gene expression and compromised innate immune response.
Results
Mice with Myeloid Lineage-Specific Deletion of the Brd4 Gene Are
Resistant to LPS-Induced Septic Shock. To determine the in vivo inflammatory function of Brd4, we generated Brd4-CKO mice using the Cre-loxP system ( Fig. 1 A and B ) were born at the expected Mendelian ratio and developed normally when housed in a pathogen-free facility. Immunoblotting confirmed the tissue-specific deletion of Brd4 in macrophages, including peritoneal and bone marrow-derived macrophages (BMDMs) (Fig. 1C) .
To determine the potential role of Brd4 in inflammatory response, we first challenged WT and Brd4-KO mice with LPS to induce septic shock. WT mice were vulnerable to LPS, and most died within 3 d after i.p. injection of LPS (Fig. 1D) . In contrast, most Brd4-KO mice were resistant to LPS and survived after 3 d (Fig. 1D ). This observation suggests that the deletion of Brd4 in myeloid-lineage cells has a protective role against LPS-induced sepsis. When we measured the serum levels of proinflammatory cytokines that are believed to participate in the pathogenesis of LPS, we found that levels of IL-12, IL-23, and IFN-γ were notably decreased in Brd4-KO mice (Fig. 1E) . Together, these data suggest that the deletion of Brd4 in myeloid-lineage cells reduced the LPS-induced inflammatory response.
Brd4-KO Mice Displayed Reduced Lung Inflammation and Injury. LPSinduced sepsis is often associated with acute lung inflammation and lung injury (22) (23) (24) . We next evaluated the lung inflammation and injury in LPS-challenged WT and Brd4-KO mice and observed that LPS-induced lung inflammation was reduced and resulted in less tissue destruction in KO mice ( Fig. 2A) . When we measured the myeloid-lineage immune cells in lung, we noticed no significant change in alveolar macrophages in the WT and KO mice after LPS challenge (Fig. 2B) . However, the number of neutrophils was significantly reduced in KO mice after LPS challenge (Fig. 2B) . The neutrophil-associated myeloperoxidase (MPO) activity was also decreased in the lung of KO mice (Fig. 2C) . These results suggest a reduced recruitment of neutrophils to inflamed lung. Compared with WT mice, the KO mice also displayed reduced lung injury accompanied by less apoptotic cells (Fig.  2D) . Supporting the reduced inflammation in the lung of KO mice, the proinflammatory cytokine genes, including Il12b, Ifng, Il17a, and Ccl17, were consistently reduced (Fig. 2E) . Together, these data suggest that Brd4 in macrophages serves as a positive regulator of inflammatory gene expression and LPS-induced immune response in vivo. The reduced inflammatory response in Brd4-KO mice might account for the resistance of these mice to LPS-induced sepsis.
Macrophage Brd4 Is Essential for Toll-Like Receptor Signaling and Antibacterial Response. LPS and other pathogen-associated molecular patterns (PAMPs) initiate innate immune response through pattern-recognition receptors, including Toll-like receptors (TLRs) and NOD-like receptors, and activate NF-κB for inflammatory gene expression (25, 26) . Because Brd4 is a key transcriptional regulator of NF-κB target genes, we next assessed the potential role of Brd4 in the TLR-mediated inflammatory response. We stimulated the BMDMs isolated from WT or KO mice with ligands of different TLRs (TLR1-TLR9) and measured the production of TNF-α and IL-6. Although different ligands stimulated the production of TNF-α and IL-6 to different levels in WT BMDMs, their production was consistently decreased in Brd4-deficient cells (Fig. 3 A and B) , indicating that the function of Brd4 is not limited to the TLR4 signaling pathway. The production of inflammatory mediators in response to microbial product is important for efficient pathogen clearance. We challenged the WT and KO mice with bacteria to address whether declined inflammatory response in Brd4-KO mice could result in a defect when fighting bacteria. We first examined the response of BMDMs from WT and KO mice to group B Streptococcus (GBS) infection. The expression of inflammatory genes, including Il6, Il23a, Il1a, and Il12b, was generally down-regulated in Brd4-deficient BMDMs after GBS infection (Fig. 3C) . Unlike the responses to LPS, Brd4-KO mice were much more vulnerable to GBS infection and died rapidly within 2 d, whereas some of WT mice survived for several days (Fig. 3D) . The increased sensitivity of KO mice to GBS infection might result from the compromised innate immune response to clear bacteria in vivo. In support of this idea, we observed a marked elevation of bacterial burden in various tissues, including lung, spleen, and liver, of Brd4-KO mice (Fig. 3E) . Brd4-KO mice also displayed more severe lung inflammation (Fig. 3F) . Together, these results support the notion that Brd4 is critically involved in the innate immune response against bacterial infection.
BMDMs from Brd4-KO Mice Showed Decreased Expression of Genes Involved in Inflammatory Response. Inhibition of BET family proteins by small molecules such as JQ1 and I-BET has been shown to down-regulate the expression of inflammatory genes selectively (16, 19, 20) . To understand better the specific contribution of Brd4 in LPS-stimulated gene expression, we performed geneexpression microarray analysis using RNA isolated from WT and Brd4-deficient BMDMs stimulated or not stimulated by LPS. The overall gene-expression patterns between WT and Brd4-deficient BMDMs revealed a strong similarity after LPS stimulation (correlation of 0.8681, P < 0.0001) (Fig. 4A) , indicating that deletion of Brd4 has a highly selective, but not a global, effect on the gene expression in macrophages. Among all the genes with altered transcription, we identified genes in which, after 4 h LPS stimulation, mRNA levels were up-or down-regulated more than twofold (P < 0.05) in the Brd4-deficient BMDMs as compared with the levels in WT cells (Fig. 4B) . A total of 1,632 genes were induced and 1,414 genes were suppressed by more than twofold by LPS; deletion of Brd4 resulted in the down-regulation of 90 of the LPS-induced genes and the up-regulation of 5 of the LPSsuppressed genes (Fig. 4B) .
Consistent with the previous finding that Brd4 acts as both a coactivator and corepressor for gene expression (16) , many genes were either up-regulated or down-regulated in Brd4-deficient BMDMs (Fig. 4 C and D) . Functional enrichment analysis revealed a highly significant enrichment in Brd4-deficient cells of downregulated genes involved in immune system processes, including cytokines and chemokines ( Fig. 4 E and F) , whereas the upregulated genes were enriched in the assembly of macromolecule complex and chromatin (Fig. 4E) . The down-regulated expression of cytokines and chemokines, including Il6, Il1a, Il12b, and Cxcl9, was further confirmed by quantitative RT-PCR (Fig. 4G) . Similar results were obtained by ELISA assessing the amount of secreted IL-6, IL-1α, and IL-12 ( Fig. 4H) . Collectively, these findings demonstrate that Brd4 acts as a positive regulator to stimulate the expression of genes involved in immune response.
Brd4 Regulates the Expression of Mknk2 to Modulate the Resynthesis of IκBα. Although Brd4 deficiency reduced the expression of a significant number of genes, the expression of 33 genes was higher in Brd4-deficient BMDMs than in WT cells (Fig. 4) . Brd4 deficiency resulted in the up-regulation of five of the LPS-suppressed genes; Mknk2, which encodes the Mnk2 kinase, was one of these genes (Fig. 5A ). The expression of Mknk2 was down-regulated by LPS in a time-dependent manner in WT BMDMs (Fig. 5B ). In contrast, Mknk2 expression was much more sustained in Brd4-deficient cells after LPS stimulation. LPS barely affected the expression of Mknk2 in Brd4-deficient cells (Fig. 5B) . Interestingly, unlike Mknk2, the expression of Mknk1 was down-regulated by LPS in both WT and Brd4-deficient BMDMs (Fig. S1 ). These data suggest that depletion of Brd4 abolishes the LPS-induced suppression of Mknk2 but not Mknk1 expression.
Mnk2 and Mnk1 are protein kinases that are directly phosphorylated and activated by ERK or p38 MAP kinases and have been implicated in the regulation of protein synthesis through (D) Brd4-CKO mice were more susceptible to GBS infection. The Kaplan-Meier survival curves of mice infected with 2,000 cfu of GBS (n = 8) were measured. The statistical significance was evaluated using a log-rank test. Data are representative of two independent experiments. (E) After infected with GBS (2,000 cfu) for 24 h, the bacterial load in mouse tissues was determined by measuring cfu of the surviving bacteria. Data are presented as cfu per gram of tissue or milliliter of blood. (F, Left) WT and Brd4-CKO mice were infected with GBS (2,000 cfu) for 24 h, and lung tissues were assessed by H&E staining. (Right) The inflammation scores of the lung tissues. *P < 0.05, **P < 0.01.
their phosphorylation of eIF4E at S209 (10, 27, 28) . When we examined the activation of Mnk2 in LPS-treated BMDMs, we found that the cellular levels of Mnk2 decreased with the LPS stimulation in WT BMDMs ( Fig. 5C and Fig. S2A ), consistent with the reduced mRNA in LPS-treated cells (Fig. 5B) . In Brd4-deficient BMDMs, however, the level of Mnk2 remained the same or was slightly enhanced after LPS treatment ( Fig. 5C and Fig.  S2A ). When we examined phosphorylated Mnk2, the active form of Mnk2, we noticed that Mnk2 was activated 10 min after LPS stimulation and that the activation was diminished after 60 min ( Fig. 5C and Fig. S2B ). In Brd4-deficient cells, the phosphorylation of Mnk2 appeared earlier and was enhanced (Fig. 5C ). The enhanced Mnk2 activation was associated with the elevated phosphorylation of eIF4E in Brd4-deficient cells ( Fig. 5C and Fig.  S2C ). Interestingly, both ERK and p38 were similarly activated in WT and Brd4-deficient BMDMs (Fig. S3) , excluding the possibility that the enhanced Mnk2 phosphorylation and activation is caused by the increased ERK or p38 activation. Together, these data demonstrate that Brd4 regulates the activation of Mnk2 and eIF4E through a mechanism independent of the activation of its upstream kinases. eIF4E has been shown to regulate the translation of IκBα, the negative regulator of NF-κB (13) 
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Relative mRNA levels (actin normalized) be affected in Brd4-deficient cells. Changes in the translation initiation can be monitored via ribosome-bound mRNAs separated by sucrose density gradient centrifugation (29) . When we isolated and analyzed ribosome fractions of LPS-treated WT or Brd4-deficient BMDMs, we observed similar patterns in the polysome profiles (Fig. 5D) . Therefore, the deletion of Brd4 does not seem to have a global effect on the translation. However, the mRNA levels of IκBα gene (Nfkbia), but not Nfkbib, Nfkbie, or Bcl-3, isolated from the polysomes of the Brd4-deficient cells after 1 h of LPS stimulation were significantly higher than in the WT cells ( Fig. 5E and Fig. S4 ). Notably, without LPS stimulation, the levels of IκBα mRNA isolated from the polysomes of the Brd4-deficient cells were the same as found in WT cells (Fig. S5) . In addition, the levels of IκBα mRNA remained the same in WT and Brd4-deficient BMDMs after LPS stimulation (Fig. 5F ). Collectively, these data demonstrate that Brd4 is actively involved in the resynthesis of IκBα but has no effect on the synthesis of basal level of IκBα and the LPS-induced transcription of IκBα. Because LPS-induced IκBα resynthesis was increased in Brd4-deficient BMDMs, we then compared the cellular IκBα levels in WT and Brd4-deficient BMDMs after LPS stimulation. As expected, cytoplasmic IκBα was degraded and resynthesized in WT BMDMs after LPS treatment, and the levels of IκBα were inversely associated with the levels of nuclear RelA (Fig. 5G) . In Brd4-deficient cells, the levels of IκBα were similar to levels in WT cells before LPS treatment, and IκBα was similarly degraded WT or Brd4-deficient BMDMs were stimulated with LPS (100 ng/mL) for 1 h, and the relative levels of Nfkbia mRNA were analyzed by real-time PCR. (G) WT or Brd4-deficient BMDMs were treated with LPS (100 ng/mL) for the indicated time periods, and the cytoplasmic (Cyt.) and nuclear (Nuc.) extracts were immunoblotted for the levels of IκBα and RelA. HDAC1 and tubulin were used as nuclear or cytoplasmic protein controls, respectively. IB, immunoblot. (H) WT or Brd4-deficient BMDMs were stimulated with LPS (100 ng/mL) for the indicated time periods. Whole-cell lysates were prepared, and the DNA-binding activity of NF-κB was assessed by EMSA. (I) WT or Brd4-deficient BMDMs were stimulated with LPS (100 ng/mL) for 1 h, and ChIP assays were performed using antibodies against RelA and RNAPII and probed for the promoters of Il12b, Il23a, and Il6. Results are shown as the mean ± SD of three independent experiments; **P < 0.01, ***P < 0.001. (J) Schematic model for Brd4 regulation of the NF-κB target gene expression via Mnk2-eIF4E pathway-dependent translational control of IκBα resynthesis.
after LPS treatment (Fig. 5G) . However, the levels of the resynthesized IκBα after 1 h of LPS stimulation were increased in Brd4-deficient cells compared with WT cells (Fig. 5G and Fig.  S6 ). These data are consistent with the enhanced IκBα mRNA isolated from the polysomes of LPS-treated Brd4-deficient cells (Fig. 5E ), confirming that Brd4 deletion indeed enhances the LPS-induced resynthesis of IκBα.
Enhanced IκBα Resynthesis Reduces the Binding of NF-κB to the
Promoters of Inflammatory Genes. De novo synthesized IκBα is known to enter the nucleus and remove promoter-associated NF-κB complex, creating a negative feedback regulation of the NF-κB-dependent immune response (3, 4, 30) . When we compared the LPS-induced DNA-binding activity of NF-κB by EMSA in WT and Brd4-deficient BMDMs, we observed the enhanced binding of NF-κB to DNA in response to LPS stimulation in WT cells (Fig. 5H) . However, LPS-induced DNA-binding activity of NF-κB was decreased in Brd4-deficient cells (Fig. 5H) , likely reflecting the enhanced IκBα resynthesis (Fig. 5G) . Next, we measured LPS-induced NF-κB binding on specific promoters of inflammatory genes by ChIP to determine whether the resynthesized IκBα and the associated reduced DNA-binding activity of NF-κB might contribute to the reduced gene expression in Brd4-deficient cells. In WT BMDMs, LPS stimulated the recruitment of RelA and RNAPII to the promoters of inflammatory genes, including Il12b, Il23a, and IL6, indicating the active NF-κB-dependent transcription in response to LPS (Fig. 5I) . Conversely, in Brd4-deficient cells, the recruitment of NF-κB and RNAPII to the promoters was significantly down-regulated (Fig. 5I) . Collectively, these data clearly demonstrate that resynthesized IκBα removes NF-κB from the promoters of its target genes, resulting in the reduced RNAPII recruitment, compromised gene transcription, and possibly the overall reduced inflammatory response in the Brd4-KO mice.
Discussion
Small molecules targeting BET family proteins possess an antiinflammatory effect (31, 32) . However, these inhibitors target all BET family proteins, including Brd2, Brd3, and Brd4. The exact contribution of each BET protein to the innate immune response in vivo remains undetermined. In this study, to gain insight into the biological role of Brd4 in the immune response, we generated Brd4-CKO mice, specifically deleting Brd4 in myeloid-lineage cells. These CKO mice showed compromised innate immune response in vivo with decreased inflammatory gene expression in response to LPS stimulation and bacterial infection (Figs. 1-3) , supporting a role of Brd4 in innate immune response. Furthermore, we found that Brd4 deficiency in macrophages led to the enhanced IκBα resynthesis via the Mnk2-eIF4E translation pathway (Fig. 5J) . The enhanced IκBα expression diminished NF-κB's binding to the promoters of NF-κB target genes (Fig. 5J) . Therefore, our study not only defines the role of Brd4 in the innate immune response but also reveals a mechanism by which Brd4 regulates inflammatory gene expression and the inflammatory response via translation. Deletion of Brd4 in myeloid-lineage cells reduced the vulnerability of mice to LPS-induced sepsis resulting from the compromised innate immune response (Figs. 1 and 2) . Similar resistance to sepsis was found in mice treated with the BET inhibitor I-BET (20) . Additionally, many LPS-induced inflammatory genes downregulated in Brd4-deficient BMDMs were also inhibited by I-BET (20) . Therefore, Brd4 might be the major target of BET inhibitors for their antiinflammatory effects. The reduced innate immune response likely hampered the CKO mice's ability to clear bacteria, as evidenced by the increased numbers of GBS in various tissues, making these mice more susceptible to bacterial infection (Fig. 3) . It must be noted that GBS are Gram-positive bacteria, so how Brd4-KO mice respond to pathogenic Gram-negative bacteria is not clear. Mice with impaired TLR4 signaling have been shown to be resistant to LPS-induced sepsis but to be highly susceptible to infection with Gram-negative bacteria (33, 34) . It is possible that Brd4-KO mice will be more susceptible to pathogenic Gramnegative bacteria infection, as they are to Gram-positive bacteria, because TLR4 signaling was impaired in Brd4-deficient BMDMs (Figs. 3 and 4) .
Macrophages play an essential role in the innate immune response by releasing the proinflammatory mediators, including cytokines and chemokines, via TLRs in response to various PAMPs (35, 36) . Expression of proinflammatory cytokines and chemokines was significantly down-regulated in Brd4-deficient BMDMs and in the lung of Brd4-KO mice after LPS stimulation (Figs. 2E and 4) , indicating that Brd4 is actively involved in the TLR4-mediated immune response. After LPS challenge, the number of alveolar macrophages in the lung of Brd4-KO mice was comparable to that in WT mice (Fig. 2B) . However, the number of neutrophils was significantly decreased in Brd4-KO mice (Fig. 2B) , suggesting a potential defect in LPS-induced recruitment and accumulation of neutrophils in the lung of Brd4-KO mice. This defect likely results from the reduced chemokine production by macrophages in Brd4-KO mice. In addition to neutrophils, the activity of other immune cells might be affected by the reduced cytokine production from Brd4-deficient macrophages. Compared with WT mice, Brd4-KO mice had reduced serum IFN-γ after LPS challenge (Fig. 1E) . IFN-γ is produced mainly by T cells and NK cells in response to cytokines, including IL-12 and IL-23 (37) . The reduced production of IL-12 and IL-23 from Brd4-deficient macrophages might affect the responses from T and NK cells, leading to reduced IFN-γ production. Therefore, the compromised inflammatory responses in Brd4-KO mice might represent combined immunological defects from various immune cells, which are activated by inflammatory mediators from macrophages during the initiation of the innate immune response.
In addition to LPS, the production of proinflammatory cytokines was down-regulated when Brd4-deficient BMDMs were treated with other TLR ligands, including dsDNA and ssRNA ( Fig. 3 A and B) . These data suggest that Brd4 might have a more generalized regulatory role in the innate immune response, fighting not only the bacterial infection but also the viral infection. In line with this notion, Brd4 has been shown to be involved in the virus-induced expression of IFN-stimulated genes by facilitating CDK9-mediated transcription elongation (38, 39) . The availability of these CKO mice might allow future research on dissecting the different functions of Brd4 in the immune response elicited by various pathogen challenges.
Regulation of the immune response occurs at multiple levels, including transcriptional and posttranscriptional levels (3, 4) . Recent studies indicate that immune response can also be regulated at the level of translation (7, 9) . eIF4E has been shown to be the node for translational control of immune response and is modulated by two different signaling pathways (7, 9) . The activity of eIF4E can be regulated by its interaction with 4E-BP in the mTOR pathway or through its phosphorylation at S209 by Mnk1/2 (7). Mnk2 appears to be the dominant player in the activation of eIF4E and the corresponding enhanced IκBα translation in Brd4-deficient cells, because there was no significant difference in LPS-induced mTOR activation in WT and Brd4-deficient BMDMs (Fig. S7) . In addition, although the transcription of both Mknk2 and Mknk1 was down-regulated in response to LPS in a timedependent manner in WT BMDMs, LPS-induced suppression was relieved only for Mknk2 in Brd4-deficient cells (Fig. 5B and  Fig. S1 ). Importantly, similar results could be found from I-BETtreated BMDMs (20) . LPS suppressed the expression of Mknk1 and Mknk2, but the suppression was relieved for Mknk2 only when the cells were pretreated with I-BET (Fig. S8) . These findings further support the notion that Brd4 is involved in the LPSinduced suppression of Mknk2 expression. However, the detailed mechanism for this suppression is not known and merits further investigation. One possibility is that Brd4 might recruit a repressor to suppress Mknk2 expression. Such a mechanism has been reported for Brd2-mediated transcriptional repression of PPARγ (40) . It is also possible that Brd4 indirectly regulates the transcription of Mknk2 via posttranscriptional mechanism by activating the expression of noncoding RNAs.
Stimulus-dependent IκBα degradation and resynthesis are known to be tightly controlled and to play a key role in the initiation and termination of the innate immune response because dysregulation of these processes leads to inflammatory diseases (3, 4) . Although IκBα is a NF-κB target gene, the transcription of IκBα does not seem to be regulated by Brd4, because the transcription of IκBα remained the same in both WT and Brd4-deficient cells with or without LPS stimulation (Fig. 5F) . Interestingly, LPS-induced IκBα resynthesis is regulated by Brd4 via the Mnk2-eIF4E pathway. In response to LPS, the transcription of Mknk2 was suppressed in a Brd4-dependent manner (Fig. 5B) . Without Brd4, LPS-suppressed Mknk2 expression was relieved, and Mnk2 and eIF4E were hyperactivated in response to LPS stimulation, leading to the enhanced translation of IκBα and reduced NF-κB activity (Fig. 5  G and H) . It must be noted that this regulation applies to the resynthesis of IκBα only when the Mnk2 is activated by LPS. Without LPS stimulation, levels of IκBα mRNA isolated from polysomes remained unchanged in WT and Brd4-deficient BMDMs (Fig. S5) . Further supporting a role of Mnk2 in the resynthesis of IκBα, we found that treatment of Brd4-deficient BMDMs with the Mnk2 inhibitor cercosporamide (27) , which inhibited phosphorylation of eIF4E (Fig. S9A) , suppressed LPS-induced IκBα resynthesis accompanied by increased nuclear RelA (Fig. S9B) . Consistently, we observed an enhanced NF-κB target gene expression in Brd4-deficient BMDMs treated with cercosporamide in response to LPS stimulation (Fig. S9C) .
LPS-induced genes can be divided into two categories, primary response genes (PRGs) and secondary response genes (SRGs), and many of these LPS-inducible genes are NF-κB-regulated inflammatory genes (41) . NF-κB is recruited to the promoters of PRGs and SRGs in two different phases, with a rapid recruitment to the promoters of PRGs and a late recruitment to the promoters of SRGs (42) . Induction of PRGs has been shown to be regulated at the level of transcriptional elongation and mRNA processing through the signal-dependent recruitment of CDK9 (17) . Brd4 is recruited to the promoters of inflammatory genes via acetylated NF-κB or histones and regulates the NF-κB-dependent inflammatory gene expression by activating CDK9 (14) (15) (16) (17) . Therefore, Brd4 deficiency would have a direct effect on the recruitment of CDK9, leading to the reduced transcription elongation for the PRGs. In addition, the enhanced IκBα resynthesis in LPS-stimulated Brd4-deficient cells removed NF-κB from DNA or prevented its binding to DNA, affecting the expression of late-response NF-κB target genes, which require stimulus-dependent modifications in chromatin structure (41) . As such, the down-regulated gene expression in Brd4-deficient BMDMs might reflect the combined effects from the diminished CDK9 recruitment and transcription elongation of the primary response genes and the reduced NF-κB-DNA binding for the transcription of secondary-response genes. Consistent with this notion, we found a significant enrichment of NF-κB target genes, both PRGs and SRGs, among genes whose transcripts were down-regulated more than twofold (P < 0.05) in Brd4-deficient BMDMs (P = 4.8e-17, hypergeometric test) (Fig. S10) .
In summary, our study provides clear evidence that Brd4 has an essential role in the innate immune response. We also identified a mechanism involving protein translation for Brd4-mediated inflammatory gene expression. The Brd4 CKO mice provide unique tool, allowing us to analyze further the tissue-specific role of Brd4 in various pathophysiological conditions, including inflammatory diseases and cancer. Various BET inhibitors are undergoing clinical trials for the treatment of cancer (32) . However, because of the potential negative effects of these inhibitors on the innate immune response against bacterial and likely viral infection, treatment of patients with BET inhibitors should be undertaken with caution.
Materials and Methods
Mice. C57BL/6 mice were purchased from Harlan, Inc. LysM-Cre transgenic mice were obtained from the Jackson Laboratory. Mice were kept under specific pathogen-free conditions at the animal facilities of University of Illinois Urbana-Champaign (UIUC). For all experiments, sex-and age-matched mice were used. All animal experiments were approved by the UIUC Institutional Animal Care and Use Committee.
LPS-Induced Septic Shock. Mice were injected i.p. with LPS (30 mg/kg weight) and monitored for 3 d. Whole-blood samples were taken, and sera were prepared by centrifugation for 5 min at 3,000 × g after incubation at room temperature for 30 min.
Statistical Analysis. An unpaired t test was used to compare the difference between two groups in the experiments, excluding the survival curves. A log-rank test was used to compute P values to compare the Kaplan-Meier survival curves of WT and Brd4-KO mice stimulated with LPS or infected with bacteria. Differences with a P value less than or equal to 0.05 were considered statistically significant.
Microarray. Total results of the microarray study are shown in Dataset S1, and the list of Brd4-regulated genes after LPS stimulation is shown in Dataset S2.
More detailed information on the materials, methods, and associated references can be found in SI Materials and Methods.
blinded to the group. LPS-induced apoptosis was determined using the TACS 2 TdT Fluorescein Kit (4812-30-K; Trevigen).
Microarray. BMDMs were stimulated with 100 ng/mL LPS or PBS for 4 h. Total RNA was extracted with the Aurum Total RNA Mini Kit (7326820; Bio-Rad) and was checked for quality using the Agilent Bioanalyzer. Total RNA (200 ng) was labeled using the Agilent two-color Low Input Quick Amp Labeling kit (Agilent Technologies) according to the manufacturer's protocols. Labeled samples were hybridized to a mouse 4x44K array and scanned on an Axon 4000B microarray scanner (Molecular Devices) at 5-μm resolution. Spot finding was carried out using GenePix 6.1 image analysis software (Molecular Devices).
Microarray data preprocessing and statistical analyses were done in R (v 3.2.1) (44) using the limma package (v 3.24.14) (45) . Median foreground values from the three arrays were read into R, and any spots that had been manually flagged (−100 values) were given a weight of zero (46) . The background values were ignored because investigations showed that trying to use them to adjust for background fluorescence added more noise to the data. The individual Cy5 and Cy3 values from all the samples were normalized together using the quantile method and then were log 2 -transformed (46) . The Mouse Whole Genome 4x44K v2 Microarray from Agilent interrogates 24,079 genes using 39,030 probes spotted one time (1×) and 399 probes spotted 10 times (10×) each. Correlations between the replicate spots per probe were high, so they were simply averaged for each sample. The positive and negative control probes were used to assess what minimum expression level could be considered "detectable above background noise" (six on the log2 scale) and then were discarded. A mixed effect statistical model (47) was fit on the 39,429 unique probes and also adjusted for the random effect of array pairing (48) . Pairwise comparisons between all logical pairings of the six total groups were calculated along with the interaction term, which tested whether the mutant and WT strains differed in their expression pattern over time. After making the comparisons, 15,467 probes were discarded because they did not have expression values greater than six in at least two samples. For the remaining 23,962 probes, raw P values were adjusted separately for each comparison using the false discovery rate method (49) . Annotation information for the probes was taken from Bioconductor's MmAgilentDesign026655.db_3.1.2 annotation package (50) .
Polysome Fractionation and RNA Purification. Polysome fractionation was performed as described (51) . Briefly, BMDMs were stimulated with 100 ng/mL LPS (E. coli O111:B4; Sigma L2630) for 0 or 1 h. Ribosomes were stalled by the addition of 100 μg/mL cycloheximide (CHX) for 5 min and were washed twice with PBS containing 100 μg/mL CHX. Cells then were lysed in polysome lysis buffer [15 mM Tris·HCl (pH 7.5), 15 mM MgCl2, 300 mM NaCl, 1% Triton X-100, 2 mM DTT, 200 U/mL RNasin ribonuclease inhibitor (Promega), and protease inhibitor (88666; Thermo)]. Nuclei were removed by centrifugation (16,000 × g, 4°C, 7 min), and the lysate was loaded onto a sucrose density gradient [10-50% in 15 mM Tris·HCl (pH 7.5), 15 mM MgCl2, 300 mM NaCl, and 2 mM DTT]. After ultracentrifugation at 174,900 × g in a SW32 Ti rotor for 3.75 h, gradients were collected into 16 fractions. RNA from the polysome parts then was extracted by TRIzol LS and was reverse transcribed with random primers.
Cytoplasmic and Nuclear Extracts. Cytoplasmic extracts were separated from nuclear extracts using the CelLytic NuCLEAR Extraction Kit (NXTRACT; Sigma) according to the manufacturer's instructions.
ChIP. The ChIP assay was performed as described previously with minor modifications (18, 42) . The sequences of ChIP primers and a detailed protocol will be provided upon request.
EMSA. Whole-cell extracts were prepared as previously described (52) . EMSA was done using a LightShift Chemiluminescent EMSA Kit (Pierce Biotechnology, Thermo Fisher Scientific Inc.) according to the manufacturer's instructions. Briefly, whole-cell extracts were incubated with biotin-labeled consensus κB enhancer oligonucleotide (5′-AGTTGAGGGGACTTTCCCAGGC-3′) (Integrated DNA Technologies) for 30 min at room temperature and were resolved in a native polyacrylamide gel. The protein-DNA-biotin complexes were blotted onto a positively charged nylon membrane followed by crosslinking on a transilluminator. The complexes were revealed with streptavidin-HRP conjugate and LightShift chemiluminescent substrate. Comparability of the various cell extracts was assessed by EMSA with a biotin-labeled Oct1 probe (5′-TGTCGAATG-CAAATCACTAGAA-3′). Brd4-deficient BMDMs were or were not pretreated with cercosporamide (1 μM and 5 μM) followed by treatment with LPS (100 ng/mL) at the indicated time points. The cytoplasmic (Cyt.) and nuclear (Nuc.) extracts were immunoblotted for the levels of IκBα and RelA. HDAC1 and tubulin were used as nuclear and cytoplasmic protein controls, respectively. (C) Brd4-deficient BMDMs were pretreated or not with cercosporamide (5 μM for Il23a, Il1a, and Cxcl3; 20 μM for Il12b and Il6) followed by stimulation with LPS (100 ng/mL) for 1 h (Il12b and Il6) or 4 h (Il23a, Il1a, and Cxcl3). The expression of indicated genes was analyzed by real-time PCR. For all experiments, the total treatment time of cercosporamide was 5 h. . Microarray analysis of genes that were LPS inducible in the WT macrophages and were down-regulated in the KO macrophages compared with WT after LPS stimulation for 4 h, presented as relative expression level (scaled Z-score), based on log2-normalized expression levels (Left), including NF-κB targets (dark boxes, Center). The NF-κB target genes (listed from top to bottom) were Ifnb1, Il12b, Cxcl9, Iigp1, Il6, Cxcl3, Tnfsf15, Vcam1, Il27, Tnfsf10, Penk, F3, Edn1, Cfb, Inhba, Ebi3, and Il1α.
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